Introduction
Amino acids (AAs) are biologically important compounds containing carboxylic and amine moiety as functional groups and are the building blocks of protein. They play important metabolic and physiological roles in all living organisms. Although more than 300 AAs have been found, only 20 AAs are known as standard AA and contain a specific sidechain specific to each AA [1] . Three branch chain amino acids (BCAAs), including isoleucine, leucine, and valine, have unique properties with diverse physiological and metabolic roles. BCAAs are primarily oxidized in the peripheral tissue, in particular in skeletal (SK) muscle, whereas the other AA catabolizes in the liver. BCAAs may regulate rate of protein synthesis and degradation in SK muscle and other organs. BCAAs and aromatic AA bind to the same carrier proteins to be transported to brain. They compete with each other and their ratio in brain may influence the synthesis of specific neurotransmitters, and that may influence the behavior of an organism [2, 3] . BCAAs have glycogen sparing action and they have an opposite relation with tryptophan levels of brain, which is the precursor of serotonin. Serotonin is a mediator of central fatigue. Thus supplementation of BCAAs may prevent fatigue during extensive exercise, and diet enriched with BCAAs may improve muscle protein metabolism, body maintenance, and also aerobic exercise [3, 4] . BCAAs have functions other than simple nutrition. AAs supplementation enriched with BCAAs clinically is used for patients with liver diseases, renal failure, sepsis, and surgical injury [2, [5] [6] [7] . It is also found that BCAAs may affect gene expression, hepatocyte apoptosis and regeneration, and insulin resistance. They are necessary for lymphocyte proliferation and dendritic cell maturation, and they also inhibit cancer cell proliferation [8] [9] [10] [11] [12] [13] . In this review we will provide some insights into metabolic and physiological roles of BCAAs.
Metabolism and Metabolic Roles of BCAAs
For metabolism, AAs are needed to be transported into the cell. Like glucose, AAs are also transported to the cell via special carrier mediated pathway. Inside the cell, transamination reaction of BCAAs gives rise to keto acids, specific to each AA. The keto acids further undergo oxidative decarboxylation to produce acyl-CoA derivatives and enter TCA cycle. The enzyme (activity) responsible for BCAA metabolism is found mostly in SK muscle, heart, and kidney but to lesser extent in liver [2] .
In muscle, BCAAs not only provide nonspecific carbon source of oxidation for production of energy but also act as a precursor for muscle protein synthesis. BCAAs are more energy efficient than glucose. For example, complete oxidation of leucine in muscle produces more energy than complete oxidation of glucose in the form of ATP. Oxidation of BCAAs increases under various physiological conditions to meet the energy demand including the demand at starvation. It is also observed that BCAAs regulate the turnover of protein in muscles by inhibiting protein degradation and enhancing protein synthesis [14] [15] [16] . Several metabolic and clinical conditions, such as starvation, surgery, trauma, sepsis, liver disease, and cancer, lead to protein loss especially muscle protein and supplementation of BCAAs promotes protein synthesis and reduces break down as well as improving those conditions [2, [17] [18] [19] [20] [21] [22] . There is an increasing demand for AAs, alanine, and glutamine in those clinical conditions and they can be synthesized in SK muscle from BCAAs oxidation. So, BCAAs can cover the elevated demands for alanine and glutamine by the body during those clinical conditions [23] .
Protein Synthesis and Turnover.
Initiation of mRNA translation is one of the key steps in protein synthesis. Amino acids may stimulate protein synthesis by enhancing this important step of protein synthesis [24] . Deacylated tRNA reduces or inhibits protein synthesis by affecting the initiation step. BCAAs may lead to formation of aminoacyl-tRNA derivatives that enhance initiation of protein synthesis by minimizing that inhibitory effect. Another possible way that BCAAs may influence protein synthesis is the formation of active metabolic intermediate by the oxidation of BCAAs [25] . BCAAs have unique role in protein synthesis as well as in turnover. Buse et al. [26] studied in vitro effect of BCAAs on protein synthesis by analyzing polysome structures. Healthy rats were injected with BCAAs intravenously after 48-96 hours of fasting. And they observed that the number of polysomes (units) decreases during fasting state and supplementation of BCAAs or leucine alone significantly increases the density of polysomes, which was not observed when rat was fed normal food, which suggests that BCAAs, in particular leucine, enhances protein synthesis. In another study, Li and Jefferson [25] examined influence of BCAAs supplementation on protein turnover in rat SK muscle. Fasting young rats were supplemented with different combinations of BCAAs by perfusion. A significant increase (25-50%) of muscle protein synthesis and significant decrease (30%) in protein degradation were observed in perfused supplemented group compared to control. It was also observed that when the BCAAs were removed from complete mixture of amino acids, the rest of the amino acids showed no effects on protein turnover [25] . So, BCAAs not only enhance protein synthesis, but also influence protein turnover.
BCAAs and Signaling.
Hypoalbuminemia and muscle wasting symptoms are quite common in liver cirrhotic patient. Oral administration of BCAA is found beneficial by increasing plasma albumin and reducing muscle wasting in both animals and humans. It is proposed that BCAAs accelerate protein synthesis in liver and other tissues via mammalian target of rapamycin (mTOR) signaling pathways. mTOR is a serine/threonine protein kinase and its signaling pathways may regulate protein synthesis and transcription as well as other cellular functions [27, 28] . BCAA, particularly leucine, is the potent activator of mTOR signaling and activates protein synthesis by translational initiation [26] . In a study [29] , rat hepatocytes in culture were incubated with different combinations of BCAAs and secretion of albumin was observed. It was found that mixture of BCAAs promotes albumin production in dose dependent manner and they were the key effectors. Rapamycin, which is the potent inhibitor of mTOR, reduces more than half of this production of albumin promoted by leucine. It was also observed that activation of downstream translational effector proteins of mTOR, elF4E-BP1, and p70 S6 kinase is induced by leucine only. And rapamycin completely inhibits those proteins. These observations suggest that synthesis of albumin in rat hepatocytes via mTOR signaling is promoted by BCAAs, particularly by leucine. In another study [30] starving male rats were orally administered either saline or each BCAA separately. Also, starved rats were injected intravenously with rapamycin before leucine administration. It was found that only leucine stimulated significant protein synthesis in SK muscle compared to controls. Moreover, leucine effectively enhanced phosphorylation and activation of elF4E-BP1 and p70 S6 kinase. Both in leucine-treated and starved rats, rapamycin inhibited protein synthesis.
All of these studies suggest that BCAAs, particularly, leucine, promote protein synthesis in SK muscle as well as in the liver by the same mechanism via mTOR.
Glucose Metabolism.
Cirrhotic patients also suffer from impaired glucose metabolism and many of them develop diabetes mellitus. Synthesis of glycogen takes place in liver and SK muscles; they are the main reservoir of glycogen too. This glycogen store is very important in controlling blood glucose level. Cirrhotic patients have low level of glycogen store in their liver and SK muscle compared to healthy individuals [31] . BCAAs facilitate glucose uptake by liver and SK muscle as well as enhancing glycogen synthesis. Nishitani et al. [32] collected soleus muscles from healthy rats and incubated them with leucine in insulin-free conditions to test the effect of leucine on glucose uptake. They found that leucine promotes glucose uptake; moreover, -ketoisocaproic acid, a metabolic product of leucine, showed similar stimulatory effect. They observed that inhibition of phosphatidylinositol 3-kinase (PI3-kinase) or protein kinase C (PKC) by selective inhibitors leads to complete loss of stimulatory effect of leucine. However, rapamycin treatment showed no effect. These observations indicate that leucine stimulates glucose transport in SK muscle by insulin-independent manner through PKC and PI3-kinase pathways rather than mTOR pathway. In another study Peyrollier et al. [33] deprived myoblast L6 cells ∼1 h for AAs and after that incubated them with leucine. They observed a significant increase of PI3kinase and p70 S6 kinase activity. They also found that glycogen synthase kinase-3 (GSK-3) is inactivated by leucine. GSK-3 is an enzyme that inactivates glycogen synthase (GS) activity and stops glycogen synthesis. These results suggest that BCAA supplementation may enhance glycogen synthesis by activating GS.
Energy Metabolism.
There is an inverse relationship between physical activity and obesity. Obesity on the other hand is associated with different types of complications, including metabolic diseases. Regular physical activities keep a person fit with reducing risks of those diseases. It is beneficial and important for us to know how the energy metabolism is regulated and coordinated. BCAAs oxidation seems to be beneficial for our metabolic health as their catabolism increases fatty acid oxidation as well as reducing risk of obesity. There are higher levels of plasma BCAAs found in obese animals and humans; on the other hand, lower levels of plasma BCAAs are found in lean and exercised animals and humans. It is also found that supplementation of BCAAs enriched protein is beneficial in animals and humans by increasing exercise performance, composition of body protein and properties, and better glucose tolerance and control; all of these are related to better health and fitness [4] . Nishimura et al. [34] fed mice with high fat diet and supplemented isoleucine to test the effect of isoleucine supplementation on obesity condition, glucose, and fat homeostasis. They observed that isoleucine supplementation leads to a decrease in weight gain and reduced lipid mass in isoleucine supplemental group compared to control. Triglyceride concentrations and degree of hyperinsulinemia were also lower in hepatic and SK muscle of isoleucine supplemented group. In a double-blind, placebo-control, cross-over study [35] , human volunteers were supplemented with either the BCAA or the placebo for 3 days. Their exercise capacity and lipid oxidation were measured. It was found that BCAA supplementation increases lipid oxidation during exercise and helps to overcome fatigue condition. The glucose metabolism of the volunteer also improved. Qin et al. [36] showed that there is an inverse relation between BCAA intake and obesity. Apparent middle aged healthy adults from China, Japan, UK, and USA, who consumed higher amount of BCAAs, had low incidence of obesity and overweight status. All of these evidences suggest that BCAAs have large influence on energy metabolism as well as reducing risks of obesity.
Physiological Roles of BCAAs

BCAAs in Immunity.
The immune system is important in protecting host from pathogens (including bacteria, viruses, fungi, parasites, etc.), existing in surrounding environments, and also protects from other notorious threats. Immune cells (i.e., lymphocytes, neutrophils, etc.) express dehydrogenase and decarboxylase enzyme and can effectively oxidize BCAAs [37] [38] [39] . All three BCAAs are absolutely required for lymphocytes growth and proliferation. BCAAs are also important for cytotoxic T lymphocyte and natural killer cell activity [40] .
In a study [41] mice were supplemented with diet containing optimal level of protein or diet containing individual AA, except for limited amount of BCAAs. The susceptibility to Salmonella typhimurium infection and immune activity were measured. They found a higher mortality rate to S. typhimurium when mice were fed diet containing restricted amount of BCAAs (any). The liver and spleen were also colonized with higher number of S. typhimurium in that group of mice. BCAA restriction also leads to lower number of spleen cells and less antibody titer against S. typhimurium in the serum. These results suggest that restriction of any BCAA may impair host defense system. Human study [42] with surgery patients shows that higher BCAA supplementation leads to higher postsurgery blood lymphocytes, higher immune parameters, and better recovery. Bassit et al. [43] supplemented BCAAs to male elite triathletes to measure the effects of that supplementation on immunity parameters. They observed that BCAAs supplementation increased lymphocyte proliferation and modified the pattern of cytokine production and shift of the immune response from Th2 to Th1, which is beneficial for the athletes.
BCAAs in Sepsis.
Sepsis is a physiological condition in which severe inflammation occurs in whole body due to infection and it may be life threatening [44] . Potential beneficial roles of BCAAs in sepsis have been studied. Mori et al. [5] supplemented total parenteral nutrition (TPN) enriched with branched-chain amino acids (BCAAs) to septic rats. They found that BCAA-enriched TPN leads to significant improvement of nitrogen balance and decreases mortality compared to conventional TPN in septic rats. In a randomized, multicenter study [45] sepsis patients were supplemented TPN, enriched with BCAAs or conventional TPN only. There was significant decrease in mortality and improvements of visceral proteins half-life were observed in the BCAA-supplemental group. These studies suggest that BCAAs have a beneficial effect in septic patients.
BCAAs and Diabetes.
Diabetes is one of the most prevalent diseases worldwide and is associated with several factors such as age, race, body weight, and food habit. There is a strong correlation between circulating BCAAs and diabetes prediction [46] . In a recent study it was found that patients with type 2 diabetes, who had impaired fasting glucose, also had elevated levels of BCAAs compared to healthy individuals [47] . Mammalian target of rapamycin complex 1 (mTORC1) is a nutrient-sensitive kinase, important for growth and proliferation of beta cell as well as insulin secretion. BCAAs are important regulators of mTORC1 signaling and elevated levels of plasma BCAAs for a longer period can cause hyperactivation of mTOR signaling. And that may lead to early beta cell dysfunction and destruction [48] . So, it is important to maintain normal plasma levels of BCAA.
BCAAs in Brain Functions.
BCAAs may also play important roles in brain function. BCAAs may influence brain protein synthesis and production of energy and may influence synthesis of different neurotransmitters, that is, serotonin, dopamine, norepinephrine, and so forth, directly or indirectly. Major portion of dietary BCAAs is not metabolized by liver and comes into systemic circulation after a meal. BCAAs and aromatic AA, such as tryptophan (Trp), tyrosine (Tyr), and phenylalanine (Phe), share the same transporter protein to transport into brain. Trp is the precursor of neurotransmitter serotonin; Tyr and Phe are precursors of catecholamines (dopamine, norepinephrine, and epinephrine). When plasma concentration of BCAAs increases, the brain absorption of BCAAs also increases with subsequent reduction of aromatic AA absorption. That may lead to decrease in synthesis of these related neurotransmitters [3] . Catecholamines are important in lowering blood pressure. When hypertensive rats were injected with Tyr, their blood pressure dropped markedly and injection with equimolar amount of valine blocks that action [49] . In vigorous working persons, such as in athletes, depletion of muscle and plasma BCAAs is normal. And that depletion of muscle and plasma BCAAs may lead to increase in Trp uptake by brain and release of serotonin. Serotonin on the other hand leads to central fatigue. So, supplementation of BCAAs to vigorously working person may be beneficial for their performance and body maintenance [3] .
Conclusions
BCAAs have unique characteristics as they are not primarily oxidized in liver and they regulate protein synthesis and degradation in muscle as well as other tissues. In addition, BCAAs compete with aromatic AA to enter into brain. They have diverse metabolic and physiological roles. BCAAs are also important regulators of mTOR signaling that regulates protein and glycogen metabolism in liver and SK muscles. These effects in liver and SK muscles are important in maintaining body composition and glucose balance. They are also important regulators of neurotransmitters in brain. So, BCAAs may be therapeutically useable in various neurological disorders. However, more research is needed in this field. In vitro and in vivo studies of BCAAs suggest that they might have beneficial effects in various disorders. It is important and necessary to explore whether BCAAs have other therapeutic effects on other tissues. Future investigations may be directed to fully understand the diverse effects of BCAA in different tissues and associated signaling pathways.
